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Th is  I n t e r i m  Technical  Data Report i s  submit ted t o  the NASA Langley 
Research Center by t h e  A i  Research Manufac tur ing  Company, Los Angeles, 
C a l i f o r n i a ,  i n  compliance w i t h  Paragraph A, P a r t  V I 1  o f  NASA Cont rac t  No. 
NAS1-6666. The document was prepared i n  accordance w i t h  t he  g u i d e l i n e s  
e s t a b l i s h e d  by Paragraph 6.3.3.2 o f  NASA Statement O f  Work L-4947-6. 

I n t e r i m  Technical  Data Reports a re  generated on a q u a r t e r l y  b a s i s  f o r  
t h e  major program tasks  o f  t he  Hypersonic Research Engine P r o j e c t .  Upon 
comple t ion  o f  a g i ven  program task,  a F i n a l  Technical  Data Report w i l l  be 
submitted. 

The document i n  hand presents  a d e t a i l e d  t e c h n i c a l  d i scuss ion  o f  t h e  
Fuel  System Development f o r  t h e  p e r i o d  o f  20 March through 19 June 1967. 
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1 .O INTRODUCTION AND SUMMARY 

1 .1  INTRODUCTION 

The Hypersonic Research Engine (HRE) i s  a r e g e n e r a t i v e l y  cooled, hydrogen 
f u e l e d  ramjet  engine intended t o  be t e s t e d  on t h e  X-15A-2 a i r c r a f t .  The f u e l  
system c o n s i s t s  of equipment aboard the X-15-2 and equipment w i t h i n  t h e  HRE. 
Equipment aboard the X-15-2 inc ludes l i q u i d  hydrogen f u e l  tanks, assoc ia ted  
plumbing, p r e s s u r i z a t i o n ,  va lves  f o r  pu rg ing  and overboard dump, and o t h e r  
c o n t r o l s  r e q u i r e d  f o r  d e l i v e r y  o f  t he  f u e l  f rom the  storage tanks t o  the HRE. 
Equipment w i t h i n  the HRE i nc ludes  the  f u e l  pump, pump d r i v e ,  and assoc ia ted  
plumbing and c o n t r o l  va lves  t o  p r o p e r l y  meter f u e l  f l o w  through the f u e l  
i n j e c t o r s  and/or overboard f u e l  dump. 

For development, the f u e l  system is separated i n t o  the f o l l o w i n g  major 
tasks,  each o f  which i s  discussed i n  t h i s  r e p o r t :  

Fue 1 system i n t e g r a t  i on 

Fuel c o n t r o l  va lves  

Fue 1 turbopump 

A i  r c r a f t  f u e l  t r a n s f e r  system 

The f u e l  system i n t e g r a t i o n  t a s k  i nc ludes  a l l  equipment w i t h i n  the HRE 
w i t h  the  excep t ion  o f  t he  f u e l  c o n t r o l  va l ves  and turbopump. The a i r c r a f t  
f u e l  t r a n s f e r  t a s k  i nc ludes  a l l  f u e l  system equipment aboard the  X-15A-2. 

1.2 SUMMARY 

S i g n i f i c a n t  p rogress  has been made i n  the  areas o f  f u e l  system i n t e g r a -  
t i o n  and c o n t r o l  va l ve  design. Problem statements and a p r e l i m i n a r y  system 
schematic have been prepared t o  d e f i n e  component and system i n t e g r a t i o n  r e q u i r e -  
ments. P r e l i m i n a r y  analyses, design concepts and des ign  l ayou t  drawings f o r  
t he  f u e l  c o n t r o l  va lves  have been completed. F a b r i c a t i o n  and t e s t i n g  o f  
breadboard and p r o t o t y p e  components w i l l  be c a r r i e d  o u t  d u r i n g  the  next  quar -  
t e r l y  p e r i o d .  

The f u e l  turbopump and the  f u e l  t r a n s f e r  system e f f o r t s  have been i n i -  
t i a t e d ,  b u t  are p r e s e n t l y  i n  the p r e l i m i n a r y  concept analyses stage. 

AIRESEARCH MANUFACTURING DIVISION 
Los Angeles. California 

67-2386 
Page 1 



2.0 FUEL SYSTEM INTEGRATION 

2.1 PROBLEM STATEMENT 

To p r o v i d e  an i n t e g r a t e d  f u e l  system meet ing the  o v e r a l l  HRE requirements, 
i t  w i l l  be necessary t o  (1) e s t a b l i s h  the  design requirements f o r  t he  system 
components, and (2) p rov ide  f o r  the r e s o l u t i o n  o f  i n t e r f a c e  requirements o f  
t he  f u e l  system w i t h  t he  X-l5A-2 a i r p l a n e ,  t he  HRE, and the  HRE c o n t r o l s .  

2.2 BACKGROUND 

As i n d i c a t e d  i n  the i n t r o d u c t i o n  o f  t h i s  r e p o r t ,  t he  f u e l  system inc ludes  
the  f u e l  t r a n s f e r  system aboard the a i r c r a f t  and the f u e l  c o n t r o l  system w i t h i n  
the  HRE. The i n t e g r a t i o n  requirements f o r  t he  X-15A-2 p o r t i o n  of t h e  f u e l  
system app ly  o n l y  t o  the  f l o w  and pressure demands e s t a b l i s h e d  a t  t he  X-15A-2 
and HRE i n t e r f a c e  by the f u e l  c o n t r o l  system w i t h i n  the  HRE. The a n a l y t i c a l  
design e f f o r t  f o r  t he  components i n  the  f u e l  t r a n s f e r  system i s  inc luded i n  
t h e  a i r c r a f t  f u e l  t r a n s f e r  system e f f o r t  (Sect ion 5.0). The major p o r t i o n  o f  
a n a l y t i c a l  e f f o r t  under the f u e l  system i n t e g r a t i o n  t a s k  w i l l  be t h e  estab- 
l ishment o f  design c r i t e r i a  f o r  t he  components w i t h i n  the HRE. 

The HRE f u e l  system schematic (F igure 1) shows the  hydrogen f u e l  f l o w  
p a t h  from the  a i r c r a f t  i n t e r f a c e  t o  the  combustor f u e l  i n j e c t o r s .  Aboard the  
a i r c r a f t ,  t he  f u e l  f l o w s  from the l i q u i d  hydrogen storage dewars through a 
vacuum-jacketed t r a n s f e r  1 i n e  t o  the a i r c r a f t  s h u t o f f  va l ve  and q u i c k  d i s -  
connect a t  t h e  a i  rcraf t /HRE i n t e r f a c e .  From the q u i c k  disconnect,  t h e  hydro- 
gen f l ows  th rough the  HRE s h u t o f f  and purge v a l v e  d i r e c t l y  i n t o  the  pump a t  a 
pump i n l e t  pressure o f  35 p s i a  and 40°R. The hydrogen i s  d e l i v e r e d  from t h e  
pump discharge a t  700 p s i a  and 49OR d i r e c t l y  i n t o  a plenum. 
the f l o w  i s  d i v i d e d  t o  p rov ide  proper c o o l i n g  o f  t h e  engine sp ike,  i nne r  body, 
and o u t e r  body. 

A t  t h i s  p o i n t ,  

Fuel f l ows  through one p a t h  t o  the sp i ke  and inne r  body, where i t  absorbs 
heat t o  r a i s e  the  hydrogen temperature t o  1000°R t o  1800°R, depending upon the  
mode o f  ope ra t i on ,  and then i n t o  the  f u e l  man i fo ld .  Fuel a l s o  f l ows  through 
the  o u t e r  body, where i t  i s  heated t o  l O O O O R  t o  1800OR and then i s  d i r e c t e d  
i n t o  the t u r b i n e .  A p o r t i o n  o f  t h i s  f l o w  i s  bypassed around t h e  t u r b i n e  as 
necessary t o  ma in ta in  pump d ischarge pressure .  
a re  then recombined and dumped i n t o  the f u e l  man i fo ld  w i t h  t h e  sp ike and inne r  
body f lows.  The hydrogen i s  then d i r e c t e d  through t h e  f u e l  c o n t r o l  va lves ,  
i n t o  the  combustor i n j e c t o r  man i fo lds .  A dump va lve  and l i n e  i s  p rov ided  t o  
dump excess f u e l  d i r e c t l y  overboard, i f  t h e  requ i red  c o o l i n g  f l o w  exceeds the 
engine demands. 

The t u r b i n e  and bypass f l o w s  
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2.3 OVERALL APPROACH 

The approach t o  determine the  system i n t e g r a t i o n  c r i t e r i a  i s  t o  d e f i n e  
and per fo rm the  a n a l y t i c a l  tasks  necessary t o  e s t a b l i s h  t h i s  c r i t e r i a .  
tasks i nc lude :  

These 

( 1 )  Pressure Drop and Temperature Ana lys i s  

Establ  ishment o f  an ana lys i  s program f o r  de termin ing  pressure drop and 
temperature p r o f i l e  throughout the e n t i r e  f u e l  f l o w  rou te  f o r  va r ious  f l i g h t  
c o n d i t i o n s  and engine and c o o l i n g  f l o w  requirements. 

(2) Fuel Contro l  Valve Ana lys i s  

Determinat ion  o f  o p e r a t i o n a l  requi  rements, f l o w  schedul ing,  p ressure  drops 
a l lowab le ,  o p e r a t i n g  pressures and temperatures, dynamic response, etc. ,  f o r  
va l ve  design, i n c l u d i n g  leakage requirements, f l o w  area to le rances ,  and e n v i -  
ronment. 

(3 )  Tu rbopump Ana 1 ys i s 

Determinat ion  o f  o p e r a t i o n a l  requirements, o p e r a t i o n a l  c o n d i t i o n s ,  pump 
and t u r b i n e  f l o w  requirements, pump and t u r b i n e  power matching c a p a b i l i t i e s  
over  the f 1 i g h t  range, pump cooldown requi  rements, s t a r t u p  and shutdown t r a n -  
s i e n t s ,  and o p e r a t i n g  environment. 

(4) Purqe and Valve Opera t inq  Gas Ana lys i s  

Determinat ion  o f  purge .requirements f o r  t he  storage tank  and the  engine, 
amount o f  purge gas a v a i l a b l e ,  and the c o n d i t i o n s  under which i t  w i l l  be 
a v a i l a b l e .  

Determinat ion  o f  the amount o f  gas requ i red  f o r  c o n t r o l  va lve  o p e r a t i o n  
and i t s  a v a i l a b i l i t y .  

(5) Purqe and Shu to f f  Valve Ana lys i s  

Determinat ion  o f  o p e r a t i n g  requirements, f l o w  and pressure drop r e q u i r e -  
ments, o p e r a t i n g  t ime, and environment, f o r  va l ve  design. 

(6) LH2 Tankage and Feed1 i n e  Analys i  s 

Determinat ion  o f  general  o p e r a t i n g  c h a r a c t e r i s t i c s  o f  tankage and feed l i nes ,  
such as s to rage volume, p r e s s u r i z a t i o n  gas necessary, pressure decay under f l o w  
c o n d i t i o n s ,  G-e f fec ts  t o  be considered, environmental  e f f e c t s  t o  be considered, 
f e e d l i n e  pressure drop, f e e d l i n e  heat t r a n s f e r  ra tes ,  and schedule o f  pump 
i n l e t  c o n d i t i o n s .  

(7) Fai l u r e  Mode Ana lys i s  

Determinat ion  o f  s a f e t y  and r e l i a b i l i t y  requirements and p r e p a r a t i o n  o f  a 
component-by-component a n a l y s i s  t o  determine system a b i l i t y  t o  meet the  requ i re -  
ment s. 
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(8 )  Analog Computer Ana lys i s  

Dynamic a n a l y s i s  o f  the  f u e l  system ( t u r b i n e  c o n t r o  
loop) t o  h e l p  d e f i n e  system c o n f i g u r a t i o n  and a b i l i t y  o f  
t o  f u n c t i o n  p r o p e r l y  over  a1 1 f l  i g h t  regimes. 

The d e t a i l s  o f  s p e c i f i c  design problems and the ana 
descr ibed i n  Paragraph 2.4.  

2 . 4  ANALYTICAL D E S I G N  

The f o l l o w i n g  i s  a l i s t  o f  symbols t h a t  a r e  used i n  
t h a t  f o l l o w  i n  t h i s  paragraph: 

= s p e c i f i c  heat, B t u  per l b  per  O R  

= f u e l - a i r  r a t i o  

= s t o i c h i o m e t r i c  f u e l - a i r  r a t i o  

= pump developed horsepower 

= t u  r b  i ne horsepower 

= pump d ischarge pressure, p s i a  

= v a l v e  i n l e t  pressure, p s i a  

= t u r b i n e  pressure r a t i o  

= t u r b i n e  i n l e t  temperature, O R  

= a i r  f l owra te ,  l b  per  sec 

= bypass f l owra te ,  l b  per  sec 

= f u e l  f l o w r a t e  ( a c t u a l ) ,  l b  pe r  sec 

= f u e l  f l o w r a t e  ( s t o i c h i o m e t r i c ) ,  l b  .per sec 

= pump f lowra te ,  l b  per  sec 

= t u r b i n e  f l owra te ,  l b  pe r  sec 

loop and f u e l  c o n t r o l  
system and components 

y t i c a l  s o l u t i o n s  are  

the  c a l c u l a t i o n s  

W 3 4 5 6  = t u r b i n e  c o n t r o l  loop f l owra te ,  l b  per sec 

AP = pressure  drop, p s i  

Y = s p e c i f i c  heat r a t i o  

= t u r b i n e  e f f i c i e n c y  TT 

'p = equiva lence r a t i o  
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2.4.1 Valve Flow Schedule 

The development o f  t h e  v a l v e  f l o w  schedule (Tab le  I )  was based on aero- 
dynamic and heat  t r a n s f e r  requirements, i n  a d d i t i o n  to  those s e t  f o r t h  i n  
References I and 2 .  

The engine f l ows  were determined f rom the  aerodynamic da ta  f o r  t he  v a r i o u s  
a l t i t u d e s  and Mach numbers ove r  which the  engine must operate, and by t he  use 
o f  the s t o i c h i o m e t r i c  f u e l - a i r  r a t i o  

'Hps f '  = 7 

Wai r 

where f '  has a va lue  o f  0.0292 f o r  a hydrogen-a i r  combustion mix tu re .  Th is  
corresponds t o  an equ iva lence r a t i o  o f  1.0. 

Paragraph 4.2.2.5.1 o f  Reference I s p e c i f i e s  t h a t  the engine s h a l l  be 
capable o f  o p e r a t i n g  a t  an equiva lence r a t i o  o f  u n i t y ,  and, i n  add i t i on ,  a t  
equiva lence r a t i o s  f rom 0.3 t o  1.3 for  subsonic combustion opera t i on  and f rom 
0 .5  t o  1.5 f o r  the  supersonic  combustion mode. The f u e l  f l o w  f o r  t h e  r a t i o  
o f  u n i t y  and t h e  minimum and maximum r a t i o  f o r  each combustion mode was 
ob ta ined by: 

f cp = -  
f '  

where f i s  the  ac tua l  f u e l - a i r  m i x t u r e  r a t i o .  Since the  a i r  f l o w  remains the  
same, the above r e l a t i o n s h i p  .reduces t o  mere ly  the  f u e l  f l o w  r a t i o :  

where 6 i s  the  ac tua l  f u e l  f l o w  and W t he  s t o i c h i o m e t r i c  f u e l  f low.  
H 2 8  H 2 S  

The f u e l  c o n t r o l  va l ve  f l ows  are  the  f l ows  requ i red  by the  engine a t  the  
f u e l  i n j e c t i o n  s t a t i o n s .  

The dump va lve  f l o w  i s  the  excess f l o w  supp l i ed  t o  s a t i s f y  b o t h  the  com- 
bus to r  and s t r u c t u r a l  c o o l i n g  requirements. Dump v a l v e  f l o w  i s  requ i red  i f  
the c o o l i n g  cp ( r a t i o  o f  r e q u i r e d  c o o l i n g  f l o w  to  s t o i c h i o m e t r i c  f l ow)  i s  
g rea te r  than t h e  combustion o r  engine cp ( r e q u i r e d  engine f l o w  t o  s t o i c h i o -  
m e t r i c  f l ow) .  
heat t r a n s f e r  des ign p o i n t  data, and the  da ta  presented i n  Reference 2 f o r  
bo th  a l t i t u d e  and Mach number. The f l ows  shown f o r  t he  dump va lve  were based 
on e x t r a p o l a t i n g  the  a v a i l a b l e  data. 

The s t r u c t u r a l  c o o l i n g  f l o w  was ob ta ined  by e x t r a p o l a t i n g  the  
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2.4.2 Valve Opera t ing  Requirements 

Table 2 shows the o p e r a t i n g  requirements f o r  the v a r i o u s  va lves  used i n  
the f u e l  system. The da ta  represent  the system des ign  parameters as e s t a b l i s h e d  
i n  Reference 2, a long w i t h  the heat t r a n s f e r  and engine f u e l  f l o w  requirements. 
The f u e l  c o n t r o l  va lves  r e g u l a t i n g  f l o w  t o  the th ree  combustor s t a t i o n s  a re  
designeted as FCV-I, -2, -3 i n  t h i s  repo r t .  

2.4.2.1 - Flow 

The design f l o w  f o r  the FCV-2 va l ve  i s  1.6 l b  per  sec, ob ta ined  from the  
v a l v e  f l o w  schedule (Tab le  I ) .  Since the FCV-I v a l v e  has a maximum f l o w  o f  
1.32 l b  per  sec and the  temperature and pressure  parameters a re  the same as f o r  
the FCV-2, t he  design f l o w  f o r  the FCV-I was increased t o  1.6 l b  per  sec t o  
p rov ide  complete commonality o f  hardware. 

The design f l o w  f o r  t h e  FCV-3 i s  0.456 l b  per sec, which i s  the maximum 
f l o w  the v a l v e  i s  r e q u i r e d  t o  handle. The f u e l  dump v a l v e  design f l o w  i s  
0.721 l b  per  sec, wh ich  i s  the f l o w  over and above the  engine f u e l  f l o w  
(0.879 l b  per  sec) under t h e  Mach 8.0, maximum q c o n d i t i o n .  
and FCV-3 v a l v e  f o r  which pressure  and temperature requirements a re  i d e n t i c a l ,  
a r e  be ing  designed f o r  maximum commonality o f  hardware. 

The dump v a l v e  

The s h u t o f f  and purge v a l v e  i s  be ing  designed f o r  a f l o w  r a t e  o f  1.70 l b  
per sec, as the maximum f l o w  r e q u i r e d  per the v a l v e  schedule i s  1.688 l b  
per sec. 

The t u r b i n e  bypass c o n t r o l  va l ve  design f l o w  i s  the  d i f f e r e n c e  between 
the  f l o w  r e q u i r e d  f o r  structu.ra1 c o o l i n g  o f  the o u t e r  body, and the f l o w  
requ i red  t o  power the  t u r b i n e .  
t h e  pump requirements, 

The t u r b i n e  power requirements are d i c t a t e d  by 

HPT = HPp 

f rom which the t u r b i n e  f l o w  was determined by: 

The bypass f l o w  was then ob ta ined  by: 

where '3456 i s  the s t r u c t u r a l  c o o l i n g  f l o w  requirement i n  the t u r b i n e  c o n t r o l  
loop. The design bypass f l o w  i s  0.5 l b  per  sec and the t u r b i n e  i n l e t  tempera- 
ture,  TI, i s  1600'R based on the heat exchanger f i n  design. 

The maximum range o f  f l ows  i s  based on the maximum system and engine f l o w  
requ i rements. 
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2.4.2.2 Pressure 

The des iqn  i n l e t  pressures o f  the  va lves a re  based on the  pump d ischarge 
pressure  o f  760 p s i a  and 

The system pressure  
requ i red  c o o l i n g  f lows.  
and minimum pressures a t  

. .  

the l i n e  and component p ressure  drops: 

drops were based on the  1 ine size, rou t ing ,  and the  
The range o f  i n l e t  pressures are  based on the maximum 
the  va lves  d u r i n g  the  va r ious  f l o w  requirements o f  the  

engine modes' o f  operat ion.  
i n  accordance w i t h  the  r e l a t i o n s h i p :  

than the des ign  values. The pressure  drop across the  f u e l  c o n t r o l  va lves  FCV-I, 
-2, -3 was s e t  a t  50 p s i  maximum t o  ensure t h e  proper  f u e l  i n j e c t o r  p ressure  and 
t o  keep the  system component weight  to  a minimum. 
was s e t  a t  150 p s i  maximum f o r  proper  matching w i t h  the  t u r b i n e  AP. The dump 
va lve  has the  same o p e r a t i n g  parameters as t h e  f u e l  c o n t r o l  valves. 

The system pressure  drops were ob ta ined by scal ing,  
A P  i s  p r o p o r t i o n a l  t o  W G 2  f o r  f lows o t h e r  

The t u r b i n e  bypass va l ve  AP 

2.4.2.3 Temperature 

The des ign  f l u i d  temperature i s  1600'R based on t h e  heat  t r a n s f e r  requ i re -  
ments f o r  s t r u c t u r a l  coo l ing .  The range o f  temperatures i s  based on t h e  f l i g h t  
cond i t ions ,  w i t h  a minimum o f  IOOO'R f o r  the  lower f 1 i g h t  ope ra t i ng  c o n d i t i o n s  
and the  maximum o f  1800'R imposed t o  p r o t e c t  s t r u c t u r a l  i n t e g r i t y .  

2.4.3 Pump and A v a i l a b l e  Turb ine  Flow 

Table 3 l i s t s  the  pump f l ows  r e q u i r e d  f o r  engine o p e r a t i o n  and s t r u c t u r a l  
c o o l i n g  d u r i n g  the  va r ious  modes o f  engine opera t ion .  
Ava i l ab le "  column ind i ca tes  the  t o t a l  f l o w  t h a t  i s  a v a i l a b l e  t o  the  tu rb ine ,  
which i n  a l l  cases i s  more than t h a t  requ i red  f o r  t u r b i n e  operat ion.  

The "Turb ine Flow 

The a v a i l a b l e  t u r b i n e  f low was ob ta ined  by s c a l i n g  the  loop des ign f l o w  
c a l c u l a t i o n s  i n  accordance w i t h  t h e  r e l a t i o n s h i p :  

f o r  the  va r ious  modes o f  opera t ion .  
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3.0 FUEL CONTROL VALVES 

3 . 1  PROBLEM STATEMENT 

A set of valves must be provided that are capable of regulating hydrogen 
flow to satisfy structural cooling and engine fuel requirements of the HRE. 
This set of valves includes three control valves, a dump valve, a shutoff and 
purge valve, a turbine bypass valve, and a turbopump bearing vent valve. 
Requi rements for these valves are discussed below. 

3.1.1 Fuel Control Valves 

The fuel control valves listed below are required for the regulation of 
the hot hydrogen flow into the engine at three combustor injection stations 
and/or to the overboard dump: 

Flow Control Valve, FCV-1 

Flow Control Valve, FCV-2 

Flow Control Valve, FCV-3 

Fuel Dump Valve, FDV 

These valves, represented by the schematic, Figure 2, consist of a flow 
control valve, valve actuator and a servo controller. During operation, a 
gaseous nitrogen supply pressure is applied t o  the servo controller inlet. The 
nitrogen gas passes through fixed orifices AI-1 and A2-1 and pressurizes VI and 
and V2, respectively, while exhausting through orifices Ai-2 and A2-2 past the 
torque motor wand and out of the servo controller. 

Upon receipt of a change in electrical signal by the servo valve torque 
motor, the torque motor wand will seek a new position closer to either orifice 
Ai-2 or A2-2, (position and displacement of the wand determined by input signal) 
thus reducing the flow from one orifice and permitting an increased flow from 
the other. This change in flow will reflect in a change in pressure differential 
between P2 and Pi. With the change in pressure differential, the flow control 
valve poppet will be displaced until a new equilibrium position is reached. At 
a given inlet condition to the control valve, the weight flow through he valve 
will be linear with the electrical input signal. 

The fuel control valve is designed to provide fail-safe operation 
event of an electrical signal failure while pressurized, the valve wil 
prevent entrapment of upst ream hydrogen gas. 

In the 
open to 
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Figure  2. Fuel Control Valve Schematic 
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3.1.2 Shu to f f  and Purqe Valve 

A s h u t o f f  and purge v a l v e  i s  requ i red  t o  shut o f f  t h e  hydrogen s to rage 
and supply system i n  the X-15A-2 a i r c r a f t ,  and p r o v i d e  f o r  automat ic pu rg ing  
o f  the engine d u r i n g  the  s t a r t u p ,  shutdown, and r e s t a r t  modes o f  opera t ion .  

F igu re  3 shows a schematic o f  t he  s h u t o f f  and purge valve,  which c o n s i s t s  
o f  a hydrogen gas f u e l - v a l v i n g  u n i t ,  w i t h  a so leno id  va lve- in i t ia ted ,he l ium 
gas-operated a c t u a t o r ,  and a he l ium gas purge v a l v i n g  u n i t  w i t h  a so leno id  va l ve -  
i n i t i a ted ,he l i um gas-operated ac tua to r .  Two t i m e  de lay  r e l a y s  are employed t o  
c o n t r o l  t h e  t ime sequencing o f  the two so leno id  va lves  on s t a r t i n g  and stopping. 

P r i o r  t o  engine s t a r t ,  t he  master sw i t ch  i s  c losed,  which energ izes  t ime  
de lay  r e l a y  #l. The va l ve  w i l l  a i l o w  purge f l o w  f o r  3 t o  6 seconds, a t  which 
t ime so leno id  #1 w i l l  be energized. A t  t h i s  t i m e  purge f l o w  w i l l  s top u n t i l  
the engine s t a r t  sw i t ch  i s  c losed.  

Upon i n i t i a t i o n  o f  engine s t a r t ,  so leno id  #1 i s  de-energized. T h i s  opens 
the  so leno id  va l ve  and a l l o w s  the he l ium c o n t r o l  gas t o  e n t e r  t he  he l ium purge 
va l ve  a c t u a t o r ,  thus opening the purge va lve.  
a t ime de lay  r e l a y  opens so leno id  #2. 

A f t e r  a p e r i o d  o f  3 t o  6 seconds, 

Th is  i n i t i a t e s  he l ium c o n t r o l  gas t o  the hydrogen f u e l  va lve.  As the 
hydrogen poppet opens, the increased f o r c e  supp l ied  by s p r i n g  S2 causes the  
he l ium poppet t o  c lose ,  thus s topp ing  the purge f low.  

On engine shutdown, so leno id  #2 i s  de-energized, t he  so leno id  v a l v e  c loses  
and vents the hydrogen va l ve  a c t u a t o r ,  thus s topp ing  the f l o w  o f  f u e l .  Simul- 
taneously,  the s p r i n g  fo rce  in .  sp r ing  S2 re laxes  and a l l ows  the purge va l ve  
s p r i n g  S 3  t o  open the  purge va lve.  System p u r g i n g  cont inues  f o r  a p e r i o d  o f  
3 t o  6 seconds a t  which t ime a t i m e  de lay  r e l a y  energ izes  so leno id  #1, thus 
c l o s i n g  the purge va lve.  

Continuous purge f l o w  may be ob ta ined by de-energ iz ing  va l ve  #1 by means 
o f  a separate e l e c t r i c a l  swi tch.  

The purge and s h u t o f f  va l ve  i s  designed t o  p r o v i d e  f a i l - s a f e  ope ra t i on .  
I n  the event o f  an e l e c t r i c a l  f a i l u r e  i n  the  engine system, the  hydrogen f u e l  
poppet w i l l  c l o s e  and the  he l ium purge poppet w i l l  open. 

3.1.3 Turbine Bypass Con t ro l  Valve 

A t u r b i n e  bypass c o n t r o l  va l ve  (F igure 4) i s  requ i red  t o  modulate the 
amount o f  hot  gaseous hydrogen f l o w i n g  through the  t u r b i n e  p o r t i o n  o f  the f u e l  
t r a n s f e r  turbopump i n  response t o  a sensed e r r o r  s igna l  i n  the  pump discharge 
pressure .  

The turbopump discharge pressure,  which i s  always h ighe r  than the  va l ve  
i n l e t  p ressure ,  i s  plumbed t o  the pneumatic sw i t ch ing  element as shown, and i s  
sensed by the swi tcher  b e l  lows. When the turbopump d i  scharge pressure exceeds 
the  p resc r ibed  value, the sw i t che r  va l ve  beg ins  t o  open. Th is  pe rm i t s  f l o w  
through the a c t u a t o r  chamber, d ischarge o r i f i c e ,  and so leno id  va lve,  t o  the  
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v a l v e  o u t l e t .  The r e s u l t i n g  r i s e  i n  a c t u a t o r  chamber pressure causes t h e  v a l v e  
poppet t o  modulate open. When the  turbopump d ischarge pressure f a l l s  below t h e  
p r e s c r i b e d  pressure l i m i t ,  t h e  pneumatic sw i tcher  c loses,  the  a c t u a t o r  chamber 
pressure f a l l s  t o  the v a l v e  o u t l e t  pressure l e v e l ,  and t h e  i n l e t  pressure,  
a c t i n g  on t h e  bel lows,  f o r c e s  the main v a l v e  poppet c losed.  

Dur ing engine opera t ion ,  the so leno id  va lve  i s  normal ly  i n  the  energ ized 
p o s i t i o n ,  as shown. De-energiz ing the  so leno id  w i l l  app ly  f u l l  turbopump d i s -  
charge pressure t o  t h e  a c t u a t o r  chamber, caus ing t h e  main poppet t o  open and 
dump the  i n l e t  pressure,  thus  p r o t e c t i n g  t h e  turbopump from overspeeding i n  t h e  
event o f  e l e c t r i c a l  f a i  l u r e .  

3.1.4 Turbopump Bearinq Vent Valve 

A solenoid-operated, two-pos i t  ion, three-way va lve  i s  r e q u i r e d  t o  p r o v i d e  
purg ing  gas t o  the  turbopump bear ing  chamber when i t  i s  inoperat ive,  and t o  
a l l o w  v e n t i n g  o f  the  chamber d u r i n g  turbopump operat ion.  

3.2 BACKGROUND 

The requirements f o r  the f u e l  c o n t r o l  va lves are d i c t a t e d  by the  engine 
performance, r e q u i r e d  s t r u c t u r a l  cool ing,  and f u e l  f low r e g u l a t i o n  necessary 
f o r  proper engine s ta r tup ,  operat ion,  and shutdown. 

S p e c i f i c  f a c t o r s  which i n f l u e n c e  t h e  design o f  the  var ious  va lves are  
requ i red f ue 1 f 1 ow, f ue 1 pressure, f 1 ow accu racy, f 1 ow dynamic response, hydro- 
gen gas temperature, s t r u c t u r a l  envelope and mounting requ i  rements, and engine 
environmental  cond i t ions .  

The hydrogen f u e l  i s  s t o r e d  as a l i q u i d  a t  low pressure on board the 
X-15A-2 veh ic le .  I t  i s  t r a n s f e r r e d  t o  the  HRE through vacuum-jacketed 1 ines. 
A t  the a i rc ra f t /HRE i n t e r f a c e ,  i t  f lows through the  s h u t o f f  and purge va lve  
t o  the turbopump, where i t  i s  boosted t o  t h e  h i g h  pressure r e q u i r e d  t o  p rov ide  
f l o w  through t h e  s t r u c t u r a l  c o o l i n g  jackets ,  the engine f u e l  c o n t r o l  valves, 
and t h e  f u e l  e j e c t o r s  i n  the  engine. Both pressure and f l o w  a r e  determined by 
design c h a r a c t e r i s t i c s  o f  the s t r u c t u r a l  coo l  ing  j a c k e t s  and the f u e l  e j e c t o r s  
i n  o rder  t o  o b t a i n  the  d e s i r e d  engine performance. 

3 .3 OVERALL APPROACH 

The o v e r a l l  approach t o  the v a l v e  des ign i s  t o  e s t a b l i s h  a b a s i c  conceptual 
design o f  t h e  va lve  t h a t  w i l l  s a t i s f y  the problem statement;  then t o  per fo rm 
a n a l y t i c a l  s t u d i e s  t o  s i z e  the v a l v e  f l o w  passages and o t h e r  areas. The a n a l y t -  
i c a l  s t u d i e s  are  then v e r i f i e d  by exper imental  t e s t i n g  as required. 

3.4 ANALYTICAL DESIGN 

3.4.1 Flow Area S i z i n q  

The a n a l y t i c a l  design f o r  the  f l o w  areas o f  the  var ious  va lves i s  based 
upon the v a l v e  equat ion:  
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where = va lve  f l o w  rate, l b  per  sec 

C = f low area c o e f f i c i e n t  

A = f l o w  area, in .2  

T I  = i n l e t  temperature, O R  

P I  = upstream pressure, p s i a  

P 2  = downstream pressure, p s i a  

y = s p e c i f i c  hea t  r a t i o  

g = a c c e l e r a t i o n  constant  

R = gas cons tan t  

The va l ve  f l o w  areas are  c o n t r o l l e d  w i t h  spher i ca l  poppets aga ins t  rounded 
edge seats. The va lves are designed g e n e r a l l y  t o  p r o v i d e  a l i n e a r  f l o w  vs i npu t  
s i gnal re1 a t  ionsh ip. 

Because o f  the complex f l o w  passage around the  poppet, i t  i s  d i f f i c u l t  t o  
separate f r i c t i o n  l oss  e f f e c t  f rom t h a t  a t t r i b u t e d  t o  t h e  vena c o n t r a c t a  i n  
de termin ing  t h e  e f f e c t i v e  f l o w  area, CA; there fore ,  exper imenta l  c a l  i b r a t i o n  
( e f f e c t i v e  f l o w  area vs s t roke )  o f  the  poppet and sea t  c o n f i g u r a t i o n  i s  r e q u i r e d  
be fore  the f i n a l  des ign i s  complete. 

3.4.2 Valve Dynamics 

The va l ve  dynamic analyses are  conducted on a l i n e a r i z e d  bas is  about 
s p e c i f i c  p o s i t i o n s  throughout  the o p e r a t i o n a l  range. Th is  i s  done t o  u t i l i z e  
the techniques o f  Laplace t rans format ions  and e s t a b l i s h  mathematical models 
f o r  use on an analog computer. 

An ana lys i s  o f  t h e  FCV-I, -2  f u e l  c o n t r o l  va lves  was conducted t o  a i d  i n  
s i z i n g  the  va l ve  c o n t r o l  o r i f i c e s .  T h i s  a n a l y s i s  i s  i nc luded  as Appendix A. 

3.5 D E S I G N  EFFORT 

3,5.  I Des iqn Concepts 

The va l ve  des ign e f f o r t  has been concerned w i t h  e s t a b l i s h i n g  p r e l i m i n a r y  
layouts  t o  r e f l e c t  the  conceptual designs shown i n  F igures  2 ,  3,  and 4 .  
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3.5.2 Desiqn and F a b r i c a t i o n  D e t a i l s  

3.5.2. I Shu to f f  and Purqe Valve 

Valve Body Assembly: Th is  p a r t  w i l l  be made f rom a 356-T6 aluminum a l l o y  
sand cas t ing .  The c a s t i n g  w i l l  be machined and anodized. 

Bel lows Reta iner  Assembly: Th is  p a r t  w i l l  be made f rom a 356-T6 aluminum 
a l l o y  sand cas t ing .  The c a s t i n g  w i l l  be machined and anodized. 

Bel lows Assembly: Bel lows assemblies c o n s i s t  o f  welded be l lows sections, 
welded o r  brazed t o  s u i t a b l e  end p la tes .  These assemblies w i l l  be f a b r i c a t e d  
f rom type 347 CRES. These p a r t s  w i l l  be p rocured f rom o u t s i d e  sources. 

Valve Cover Assembly: Th is  p a r t  w i l l  be machined from 2024-T4 aluminum 
a l l o y  bar  s tock.  The assembly w i l l  be anodized. 

Sprinqs: A l l  sp r i ngs  w i l l  be made o f  Incone l  X w i r e  o f  s u i t a b l e  diameter, 
A f t e r  forming, the  spr ings  w i l l  be heat  t rea ted .  The sp r ings  w i l l  be p rocured 
f rom outs  i de sources. 

- B a l l :  Th i s  w i l l  be a purchased p a r t  made o f  s u i t a b l e  CRES. 

So leno id  Valve Assembly: 
b u i l t  by AiResearch Manufactur ing D i v i s i o n  o f  Arizona. 

The two so leno id  va lves w i l l  be designed and 

Items such as screws, nuts, washers, packings,and sea ls  w i l l  be AiResearch 
o r  MS ( M i l i t a r y  Standard) p a r t s  and are  t o  be procured from o u t s i d e  sources. 
They w i l l  be thorough ly  inspec ted  t o  ensure conformance t o  standard. 

3.5.2.2 Fuel Contro l  Valves, Turbopump Bear inq Vent Valve, Turbopump Bypass 
Cont ro l  Va 1 ve : 

These va lves  are  t o  be manufactured i n  accordance w i t h  s i m i l a r  processes 
and techniques t o  those descr ibed above. Design d e t a i l s  w i l l  be submi t ted  
when p r e l  iminary l a y o u t  drawings are  completed. 

3.6 MANUFACTURING 

The manufac tur ing  processes f o r  the  h o t  gas f u e l  c o n t r o l  va lves FCV-I, -2 ,  
FCV-3, and the  turbopump bypass c o n t r o l  v a l v e  w i l l  be based upon prev ious  
p roduc t i on  o f  meta l - to-meta l ,  poppet-seal ing, h i g h  temperature va lves  f o r  bo th  
l i q u i d  metal and h o t  gas opera t i on  i n  wh ich  t h e  temperature requirements a re  i n  
excess o f  the temperature l e v e l s  o f  t h i s  a p p l i c a t i o n .  F a b r i c a t i o n  o f  the  tu rbo-  
pump bear ing  vent  va l ve  and t h e  s h u t o f f  purge and vent  va l ve  w i l l  be based upon 
manufactur ing concepts employed f o r  va r ious  o t h e r  c ryogen ic  va l ve  programs, 
i n c l u d i n g  a p p l i c a t i o n s  i n v o l v i n g  l i q u i d  hydrogen. 
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4.0 FUEL TU RBO PUMP 

4.1 PROBLEM STATEMENT 

A f u e l  turbopump must be p rov ided  t h a t  w i l l  have t h e  performance necessary 
f o r  p r e s s u r i z a t i o n  o f  t he  l i q u i d  hydrogen from storage pressure  t o  t h e  h i g h  
pressure l e v e l  necessary t o  o b t a i n  t h e  requ i red  f l o w r a t e s  through the  s t r u c -  
t u r a l  c o o l i n g  pa ths  and engine e j e c t o r  nozz les.  

4 .2 BACKGROUND 

The des ign o f  t h e  turbopump i s  d i c t a t e d  by the  engine performance and 
s t r u c t u r a l  coo l  i ng requ i  rements. Ana lys i s  o f  these requ i  rements showed the  
necess i t y  f o r  a h i g h  pressure pumping system. Several h i g h  pressure  systems 
besides t h e  turbopump were considered i n  e a r l i e r  analyses bu t  were e l i m i n a t e d  
main ly  on the  bas i s  o f  excess ive weight .  The unique f e a t u r e  o f  the  turbopump 
i s  t h a t  t he  turboexpander d r i v e  u n i t  uses the  heat energy o f  t h e  hydrogen 
coo lan t ,  thus  e l i m i n a t i n g  t h e  necess i t y  f o r  an e x t e r n a l  power source, and s t i l l  
a l l o w i n g  f u l l  u t i l i z a t i o n  o f  the  hydrogen f o r  combustion. 

4.3 OVERALL APPROACH 

The o v e r a l l  approach t o  t h e  turbopump design i s  t o  e s t a b l i s h  p r e l i m i n a r y  
concepts f rom p rev ious  des igns,  t o  complete a d e t a i l e d  a n a l y t i c a l  program t o  
s i z e  the  t u r b i n e  and pump u n i t s ,  and then t o  c o n s t r u c t  p ro to type  subassembly 
u n i t s  f o r  exper imenta l  v e r i f i c a t i o n  o f  t h e  des ign parameters. 

4.4 ANALYTICAL DESIGN 

4.4.1 Pump 

Hydrodynamic s tud ies  h ve been i n i t i a t e d  t o  determine the  p r e l i m i n  r y  
pump c o n f i g u r a t i o n  requ i red  f o r  pumping l i q u i d  hydrogen t o  t h e  HRE. The 
maximum pump performance requirements a re  as f o l l o w s :  

35.0 p s i a  p 1  

'ex 

I n l e t  t o t a l  pressure,  

I n l e t  t o t a l  temperature, T1 4OoR 

O u t l e t  t o t a l  pressure,  

Mass f l ow ,  1.70 l b  p e r  sec 

700 p s i a  
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Under these design c o n d i t i o n s  the  pump pressure r i s e  w i l l  be 665 p s i a ,  or  
a pressure r a t i o  o f  approx imate ly  20 t o  1. The l i q u i d  hydrogen vapor pressure,  

head, HSV,  i s  9.0 p s i a  (308.5 f t  o f  l i q u i d  hydrogen, based on a l i q u i d  d e n s i t y  
o f  4.20 l b  p e r  cu f t ) .  

a t  t h e  s p e c i f i e d  i n l e t  c o n d i t i o n s ,  i s  26.0 p s i a  and the  n e t  p o s i t i v e  s u c t i o n  
p V ,  

Using t h e  pump pressure head o f  665 p s i a  (22,800 f t  head o f  LH2), and an 
i n l e t  volume f l o w  o f  182 gpm, t h e  pump s p e c i f i c  speed, Ns, can be c a l c u l a t e d :  

- N K  - - = 0.007277N 
3 

AH! (22,800) 4 
Ns - 

where A H  = 

N =  

Q =  

Pressure head, f t  o f  LH2 

Pump speed, rpm 

Volume f l o w ,  gpm 

I n  o r d e r  t o  c a l c u l a t e  t h e  pressure head; an i m p e l l e r  t i p  speed o f  1300 
The va lue o f  the  pressure c o e f f i c i e n t ,  4, fo r  t h i s  f t  per  sec was assumed. 

t i p  speed i s  0.435; and Ns, f o r  optimum c o n d i t i o n s ,  i s  approx imate ly  2500. T h i s  
va lue o f  N i s  h i g h  f o r  a low mass-flow, h i g h  head- r ise  pump, g i v i n g  a r o t o r  
speed o f  384,000 rpm. When t h e  rpm i s  r e s t r i c t e d  t o  75,000, Ns drops t o  545 
f o r  which F igure  5,  an e m p i r i c a l  curve f rom t h e  AiResearch Pump Design Hand- 
book, y i e l d s  a va lue o f  0.60 f o r  the  pressure c o e f f i c i e n t ,  $ .  The c o r r e s -  
ponding head r i s e  c a p a b i l i t y  o f  938 p s i a  cons iderab ly  exceeds t h e  r e q u i r e d  
675 p s i a .  

A t  1135 f t  p e r  sec t i p  speed, which corresponds t o  a pressure c o e f f i c i e n t ,  
4 ,  o f  0.57, t h e  pump diameter rpm v a r i a t i o n  i s  g iven  below: 

Rpm Diameter ( in . )  

80 , 000 3-25  

75,000 3.47 

50,000 5.20 

20,000 13 .OO 

For 75,000 rpm, the  d iameter  i s  3.47 in. ;  thus  f o r  these c o n d i t i o n s  a 
3.2 t o  5.2 i n .  pump diameter appears f e a s i b l e ,  depending upon the  s t ress-and 
b e a r i n g - d i c t a t e d  rpm l i m i t s .  
a t  a s p e c i f i c  speed o f  545, an e f f i c i e n c y  o f  approx imate ly  0.76 i s  e m p i r i c a l l y  
i n d i c a t e d  f o r  a la rge  i m p e l l e r .  (See F i g u r e  6, reproduced from t h e  AiResearch 
Pump Design Handbook.) 

The Reynolds number i s  g r e a t e r  than 107, thus  
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The pump horsepower i s c a l c u l a t e d  by: 

= 92.8. A H  x Q - 665 x 182 
x 1714 - 0.76 x 1714 H.P. = 

where A H  = Pressure head, p s i a  

Q = Volume f low,  gpm 

= E f f i c i e n c y  

Thus, t he  pump power requirement i s  approx imate ly  100 HP, a l l o w i n g  f o r  a some- 
what lower pump e f f i c i e n c y .  

I n  o r d e r  t o  determine the  amount o f  c a v i t a t i o n  t o  be expected i n  t h i s  
pump design, i t  i s  f i r s t  necessary t o  c a l c u l a t e  the  pump s u c t i o n  s p e c i f i c  
speed, S ,  g iven  by t h e  equat ion :  

S =  

where N = Pump speed, rpm 

Q = Volume f l o w ,  gpm 

= P -P = Net i n l e t  head, f t  o f  LH2 sv 1 v  

I n  t h i s  pump design,  HSv = 308.5 (9 p s i a ) ,  then: 

The r e l a t i v e l y  low va lue  o f  suc t i on  s p e c i f i c  speed requ i red  i n d i c a t e s  
t h a t  pump c a v i t a t i o n  w i l l  n o t  p resent  any unusual des ign problems. 

A s a t i s f a c t o r y  va lue  o f  the  Thoma ( c a v i t a t i o n )  parameter, 0 ,  i s  a l s o  
ob ta ined by: 

Thus, a f e a s i b l e  pump des ign  c.an now be d e f i n e d  by the  f o l l o w i n g  parameters: 

I m p e l l e r  D ia  = 3.47 i n .  A P  = 665 p s i a  

N = 75,000 rpm HP = 100 

M = 1.70 l b  p e r  sec Ns = 545 
'q = 0.70 t o  0.75 S = 13,750 

UT = 1135 f t  p e r  sec 
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I n  o r d e r  t o  form a p r e l i m i n a r y  es t ima te  of  pump c a p a b i l i t y  w i t h i n  package 
l i m i t s ,  i t  i s  p o s s i b l e  t o  show a v a r i a t i o n  o f  s i z e  (d ia)  w i t h  speed and 
e f f i c i e n c y .  Pump e f f i c i e n c y  as a f u n c t i o n  o f  s p e c i f i c  speed i s  taken from 
F igu re  6. The f o l l o w i n g  t a b l e  summarizes t h e  range o f  e f f i c i e n c i e s  and i m p e l l e r  
d iameters f o r  two va lues  o f  t i p  speed and a range o f  s p e c i f i c  speeds. 

TABLE 4 

PUMP EFFICIENCIES FOR VARIOUS SPECIFIC SPEEDS 

1100 

1400 

1400 

1400 

Ns, Specific. 
Speed 

300 

400 

500 

600 3.06 

5.84 
4.66 

3.89 

400 

500 

600 

NY rpm 

41,222 

54 , 963 
68, 704 

82,444 

54,963 
68 , 704 

82 , 444 

$, Pressure 
C o e f f i c i e n t  

0.607 

0.607 

0.607 

0.607 

0.375 

0 375 
0.375 

, q ,  E f f i c i e n c y  
I 

0.60 

0.68 

0.78 

0.74 

0.68 

0.74 

0.78 

1100 

1100 

1100 

Impel l e r  
Diameter, i n ,  

6.10 

4.59 
3.66 

These da ta  a re  used t o  p l o t  t-he v a r i a t i o n  o f  d iameter  w i t h  r o t a t i o n a l  speed, 
t i p  speed, and e f f i c i e n c y  shown i n  F igu re  7 f o r  a A P  o f  665 ps ia ,  a mass f l o w  
o f  1.70 l b  p e r  sec, and requ i red  HP o f  approx imate ly  100, depending on e f f i -  
c iency .  

The va lues o f  s p e c i f i c  speed a re  low because o f  t h e  l o w  mass f l o w  r e s u l t -  
i n g  i n  a low f l o w  c o e f f i c i e n t  and a h i g h  pressure  c o e f f i c i e n t .  The r o t o r  t i p  
speed, which may be l i m i t e d  by d r i v e  t u r b i n e  requirements, i s  assumed t o  be 
1100 t o  1400 f t  p e r  sec i n  the  present  case. Th is  r e s u l t s  i n  a range o f  e f f i -  
c i e n c i e s  from 0.60 t o  0.74. These va lues  a re  unco r rec ted  f o r  s ize ,  which w i l l  
a f f e c t  t he  e f f i c i e n c y  l e v e l  a t  d iameters below 4.0 inches. For t i p  speeds o f  
1100 t o  1400 f t  pe r  sec, i t  i s  f e a s i b l e  t o  des ign a pump f rom approx imate ly  
3.5 t o  6.5 inches i n  d iameter ,  depending on t h e  d e s i r e d  s i z e  and des ign 
performance 1 i m i t s .  

4.4.2 Turb ine  

Design c o n d i t i o n s  f o r  a t u r b i n e  t h a t  w i l l  be compat ib le  w i t h  t h e  p re -  
v i o u s l y  designed pump are  as f o l l o w s :  

F l u i d :  Gaseous hydrogen 

I n 1 e t  pressure:  575 p s i a  

I n l e t  temperature: 1600 ’~  
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Flow r a t e :  1.0 l b  p e r  sec 

Pressure drop: 150 p s i  (maximum) 

A t  these des iqn c o n d i t i o n s ,  t h e  minimum r e q u i r e d  component e f f i c i e n c i e s  - 
a r e  r e l a t i v e l y  low, as shown by: 

9, . “rl, 2 0.12, 

assuming a maximum a v a i l a b l e  t u r b  
e f f i c i e n c y  o f  0.90. 

i f  t h e  c a l c u l a t e d  pump e f f i c  
r e q u i r e d  t u r b i n e  e f f i c i e n c y  i s  0. 

ne pressure drop o f  150 p s i a  and 

ency o f  0.70 t o  0.75 i s  assumed, 
72. A wide range o f  t u r b i n e  des 

capable o f  meet ing t h i s  minimum requirement. 

a mechanica 

t h e  minimum 
gns a r e  

A t  t h e  des ign p o i n t ,  the  h y d r a u l i c  performance o f  b o t h  the  pump and t u r b i n e  
increase w i t h  r o t a t i o n a l  speeds up t o  approx imate ly  90,000 rpm; however, i n  
o r d e r  t o  min imize development problems w i t h  sea ls  and bear ings,  the  speed w i l l  
be l i m i t e d  t o  80,000 rpm maximum. 

u n t  i 
i nvo 

s i z e  

The f i n a l  choice o f  t u r b i n e  type  and des ign speed w i l l  n o t  be determined 
a f t e r  c a r e f u l  c o n s i d e r a t i o n  o f  a1 1 t h e  requirements and design c r i t e r i a  

ved. 

The t u r b i n e  can be an a x i a l  o r  r a d i a l  type,  depending upon t h r u s t ,  weight ,  
c o s t  and r e l i a b i l i t y  c o n s i d e r a t i o n s .  

The des ign speed w i l l  be dependent upon severa l  f a c t o r s ,  i n c l u d i n g  t h e  
wheel d iameter  and p e r i p h e r a l  v e l o c i t y .  Us ing  a minimum t u r b i n e  pressure drop, 
(maximum t u r b i n e  e f f i c i e n c y )  r e q u i r e s  a p e r i p h e r a l  v e l o c i t y  o f  approx imate ly  
1500 f t  p e r  sec, and assuming t h i s  q u a n t i t y  as t h e  des ign p e r i p h e r a l  v e l o c i t y ,  
t h e  t u r b i n e  wheel d iameter  w i l l  va ry  i n v e r s e l y  w i t h  t h e  r o t a t i o n a l  speed: 

N, rpm I Diameter, i n .  

40 , 000 
50 , 000 
60,000 

80,000 
70 , ooo 

8.60 
6.86 
5.72 
4.90 
4.29 

The minimum poss ib  2 t u r b i n e  pressure 
corresponding t o  a t u r b i n e  e f f i c i e n c y  o f  0 
rpm, and a p e r i p h e r a l  speed o f  1500 f t  p e r  

4.5 SUMMARY OF ANALYTICAL EFFORT 

The turbopump design speed f i n a l l y  se 
o f  50,000 t o  80,000 rpm. The pump i m p e l l e  

drop i s  approx imate ly  5 p s i  , 
85, a speed o f  approx imate ly  80,000 
sec. 

ec ted  w i l l  p robab ly  be i n  the  range 
w i l l  have a diameter o f  3 i n .  t o  

5 i n .  and w i l l  have a p e r i p h e r a l  speed o f  approx imate ly  1135 f t  p e r  sec. The 
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t u r b i n e  w i l l  have a diameter o f  approximately 4 i n .  t o  7 in. and a p e r i p h e r a l  
speed o f  1500 f t  pe r  sec o r  less,  depending upon the importance o f  m i n i m i z i n g  
the  t u r b i n e  pressure  drop. 

A t  t h i s  t i m e ,  no se r ious  design problems e x i s t ,  un less  s i z e  and weight 
l i m i t a t i o n s  l a t e r  r e q u i r e  t h e  design t o  u t i l i z e  excess i ve l y  h i g h  r o t a t i o n a l  
speeds. 

Various o f f - d e s i g n  c o n d i t i o n s  w i l l  be i n v e s t i g a t e d  i n  o r d e r  t o  determine 
the  t u r b i n e  pressure  drop, turbopump r o t a t i o n a l  speed, and the  type o f  u n i t  
t h a t  can meet a l l  o f f - d e s i g n  p o i n t s  as w e l l  as performance requirements. 
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5.0 AIRCRAFT FUEL TRANSFER SYSTEM 

5. I PROBLEM STATEMENT 

A l i q u i d  hydrogen s to rage system and he l i um p r e s s u r i z a t i o n  and purge 
system i s  r e q u i r e d  i n  the X-15A-2 a i r p l a n e  fo r  opera t i ng  the  HRE. The des ign  
e f f o r t  w i l l  cover  the  system, b u t  n o t  t he  d e t a i l  des ign o f  system components. 
The des ign a n a l y s i s  w i l l  be supported by t e s t s  u t i l i z i n g  s u b s t i t u t e  f l u i d s .  

An a i r  v e h i c l e  hazard and s a f e t y  a n a l y s i s  w i l l  be conducted, c o n s i s t e n t  
w i t h  c u r r e n t  f l i g h t  s a f e t y  requirements f o r  the  X-15A-2 a i rp lane,  wh ich  w i l l  
e s t a b l i s h  the  personnel maintenance opera t i ons  and the  opera t i ona l  and des ign 
requirements necessary f o r  the  s a f e t y  o f  t h e  X-15A-2 and the  HRE. 

Upon complet ion of the above des ign analyses, a d e f i n i t i v e  t e s t  s p e c i f i -  
c a t i o n  w i l l  be prepared f o r  a t e s t  program t o  determine the adequacy and com- 
p a t i b i l i t y  o f  e x i s t i n g  X-15A-2 f u e l  system components. I n  add i t i on ,  i n s t r u -  
menta t ion  requirements w i l l  be d e f i n e d  so t h a t  a l l  i ns t rumen ta t i on  necessary 
to  implement t h i s  t e s t  program can be provided. 

A r e l i a b i l i t y  a n a l y s i s  o f  the  l i q u i d  hydrogen storage, t rans fe r ,  p r e s s u r i -  
zat ion,  and purge systems w i l l  be conducted. T h i s  a n a l y s i s  w i l l  be based on 
t h e  des ign analyses and suppor t i ng  t e s t  e f f o r t s  out1 ined above. 

5.2 STATUS SUMMARY 

Nor th  American A v i a t i o n  Inco rpo ra ted  was se lec ted  as subcont rac tor  f o r  
the eng ineer ing  e f f o r t  r e l a t i n g  t o  the  f u e l  t r a n s f e r  and s to rage  systems 
because of t h e i r  t echn ica l  f a m i l i a r i t y  w i t h  the  X-15A-2 a i r c r a f t  and t h e i r  
e x i s t i n g  f u n c t i o n a l  o rgan iza t i on .  Accordingly, on IO May 1967, the  subcont rac t  
was l e t  and a c t i v i t y  s ta r ted .  E f fo r t  i n  the  r e p o r t  p e r i o d  w i t h  respec t  t o  the  
f u e l  system has been l i m i t e d  t o  rev iew o f  t h e  engine requirements descr ibed 
here in.  
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APPENDIX A 

DYNAMIC ANALYSIS FOR FLOW CONTROL VALVE FCV-2 

Dynamic a n a l y s i s  f o r  the hydrogen f l o w  c o n t r o l  v a l v e  was conducted on a 
l i n e a r i z e d  b a s i s  a t  s p e c i f i c  p o s i t i o n s  throughout the  o p e r a t i o n a l  range. 
Dynamic c h a r a c t e r i s t i c s  were i n v e s t i g a t e d  w i t h  and w i t h o u t  v a l v e  downstream 
e f f e c t s .  The system under c o n s i d e r a t i o n  i s  s h a m  schemat ica l l y  i n  F i g u r e  A - I .  
T h i s  system may be represented i n  b l o c k  diagram form as shown i n  F i g u r e  A-2. 

The v a l v e  response, ob ta ined d i r e c t l y  f rom F igure  A-2, assuming n e g l i g i b l e  
downstream dynamic e f f e c t s ,  is g iven by: 

where x = v a l v e  displacement, in. 

i = torque motor current ,  amp 

K2 = servo  gain, l b  p e r  in. 

k = e q u i v a l e n t  v a l v e  s p r i n g  rate, l b  per  in. 

KTM = torque motor-ga in,  in. per  amp 

K = K K2/k, in. p e r  amp 

T! = t ime constant, sec 

TM 

w1 = n a t u r a l  frequency, rad per  sec 

5 = damping r a t i o  

n 

s = Laplace operator,  sec'l 

The t ime constants,  n a t u r a l  frequency, and damping r a t i o  shown i n  equa- 
t i o n  ( I )  are  f u n c t i o n s  of va lve  p o s i t i o n  and servo inb leed o r i f i c e  diameter do,. 
The dynamic response o f  equat ion  ( I )  i s  c h a r a c t e r i z e d  p r i m a r i l y  by t h e  t ime 
constants  T;, T;, and T;, as t h e i r  r e c i p r o c a l s  a r e  severa l  o rders  o f  magnitude 
less  than the second order  n a t u r a l  f requency w l .  These t ime constants  a t t a i n  
t h e i r  l a r g e s t  values ( l o w e s t  break f requencies7 when the v a l v e  i s  f u l l y  open. 
T a b u l a t i o n  o f  the  above parameters as a f u n c t i o n  o f  inb leed o r i f i c e  diameter 
dol i s  g iven  i n  Table A - I .  
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NI TRO 

I 

d-. HYDROGEN 

4 
I NJ ECTOR 

P = PRESSURE 
V = VOLUME 
A = AREA 
4, = L I N E  LENGTH 
d = O R I F I C E  D IAMETER 

A-28869 

F i g u r e  A - I .  Schematic Diagram, Hydrogen Flow Con t ro l  Valve FCV-2 
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i = TORQUE MOTOR CURRENT 
X = VALVE DISPLACEMENT 
P I ,P2 = ACTUATOR PRESSURES 
A B l , A B 2  = ACTUATOR BELLOWS AREAS 

A - 26868 

aPJaXAB2S 

F i g u r e  A-2. B l o c k  Diagram,Hydrogen Flow C o n t r o l  Valve FCV-2 

KTM,K2 = CONSTANTS 
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d o l J  (do2) I in. 

0.01 I 

0.020 

0.040 

0.060 

6.22 1 0 - 4  

1.95 10-3 

7.8 x 

1.74 x 

d o l J  (do2) 
in. 

86 2 

86 2 

860 

8 59 

0.01 I 

0.020 

0.040 

0.060 

6.22 1 0 - 4  

1.95 10-3 

7.8 x 

1.74 x 

TABLE A - I  

VALVE FULL OPEN - NO DOWNSTREAM DYNAMIC EFFECTS 

86 2 

86 2 

860 

8 59 

T; J 

sec 

T; J 

sec 

0.7350 0.7350 

0. 2340 0.  2340 

0.0586 0.0586 

0.0260 0.0260 

7; J 

sec 

7; J 

sec 

0.4250 

0.1350 

0.0337 

0.01 50 

0.4250 

0.1350 

0.0337 

0.01 50 

7; J 

s ec 
7; J 

s ec 

15.80 15.80 

5.05 5.05 

I .  26 I .  26 

0.56 0.56 

w; J 

rad  per  sec 

w; J 

rad  per  sec 

2230 

I230 

614 

410 

Frequency response asymptotes o f  equat ion  ( I )  are  p l o t t e d  i n  F i g u r e  A-3. 
This  f i g u r e  c l e a r l y  i 1 l u s t r a t e s  the frequency response improvement as the  
i nb leed  o r i f  i c e  diameter do, is  increased. 
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